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Abstract: Improving the resilience of 3D-printed composites through material extrusion technology
(MEX) is an ongoing challenge in order to meet the rigorous requirements of critical applications. The
primary objective of this research was to enhance the impact resistance of 3D-printed composites by
incorporating continuous hybrid fibers. Herein, continuous virgin carbon (1k) and Kevlar (130D and
200D) fibers were used with different weight and volume fractions as reinforcing fibers to produce
hybrid and non-hybrid composites for impact resistance testing to obtain energy absorption with
different impact energies: 20 J, 30 J, 40 J, and 50 J. Moreover, 0◦/90◦ fiber orientations were used.
Hybrid composites with combinations of PLA + CF + 130D KF and PLA + CF + 200D KF showed
higher impact resistance, less damaged areas (71.45% to 90.486%), and higher energy absorption
(5.52–11.64% more) behaviors compared to PLA + CF non-hybrids. CT scan images provided strong
evidence to resist the fracture and breakage patterns, because the stiffness and elongation properties
of the fibers acted together in the hybrids specimens. Furthermore, positive hybrid effects of the
PLA + CF + KF hybrids also showed an ideal match of toughness and flexibility in order to resist the
impacts. In the future, these hybrids will have the potential to replace the single type of composites
in the fields of aerospace and automobiles.

Keywords: 3D printing; material extrusion (MEX); hybrid fiber (HF); composite materials; impact
resistance

1. Introduction

Hybrid composites offer a wide range of advantages, including outstanding fatigue
and corrosion resistance, as well as impact resistance. By combining two or more lignocel-
lulosic fibers into a single matrix, fiber-reinforced hybrid composites can be created [1–3].
The main benefit of using a hybrid composite is that any fiber lacking certain properties
can be compensated for by the other fibers [4,5]. Additionally, by carefully considering the
material design, a balance between the cost and performance of hybrid composites can be
achieved [6]. While the cost and waste of the composites can also be reduced by recycling
the fibers [7–9], there are various conventional production processes for producing hybrid
composite parts. The hand lay-up method, the simplest and oldest technique for creating
composites, has great repeatability and quick cycle times [10–12]. Compression molding
has been the most widely used process for producing industrial composite components [4].
Fiber and matrix debonding (fiber pull-out), delamination, and fiber breakage are three
possible pathways of energy absorption and dissipation after impact for fiber-reinforced
composites. These mechanisms can reduce the load carrying capability of the composite
structures [13–15]. Although, in structures, fiber composites have good corrosion resistance,
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high rigidity, and low weight as positives, they have poor impact resistance. This aspect ne-
cessitates additional study to improve the impact resistance of structural textile composites
by fusing them with some impact-resistant material while maintaining their exceptional
mechanical qualities [16,17]. Therefore, for a damage-tolerant design, impact resistance
plays a very important role for a long life for structures, but there have been few attempts
to examine the impact behavior of sandwich constructions under impact loading. On the
other hand, it is still needed to investigate the impact resistance and energy absorptions
properties of such types of hybrids, as mentioned in [18]. However, creating hybrids at the
fiber level is a more straightforward and creative strategy.

With the development of 3D printing technology, continuous fiber-reinforced com-
posite components with complicated structures have been fabricated, which has broken
through the structural limitation caused by the conventional fabrication process. Continu-
ous fiber or prepreg can be fed into a specially constructed nozzle during the 3D printing
process for CFRPCs, and additional matrix materials can be fed into the nozzle at the same
time to achieve coextrusion printing. Three-dimensional printing technology is allowed for
the preparation and shaping of composite materials, which makes it possible to fabricate
multi-scale composite structures. By using 3D printing, the simplest method for fabricating
hybrids is the interlayer configuration, which consists of two different fiber types stacked
one on top of the other [19]. Recently, hybrid composites were fabricated by the 3D printing
process using hybrid threads (HT), with very promising results. By putting mixed fibers
into the printing nozzle, hybrid composites based on the continuous fiber 3D printing
process have been created by introducing different types of fibers through the same inlet
while a polymer is fed through a separate inlet. These hybrids showed substantially higher
bending and tension strengths with absorbed energies than traditional single-type fiber
composites [18].

As mentioned in the above studies, various aspects of the hybrid composite structure
have already been researched, but many issues still remain unresolved, especially for the
impact resistance of 3D-printed hybrid composites by material extruded (MEX). According
to a research study, there are still numerous unsolved problems regarding how impact
loading affects 3D-printed specimens [20,21]. The study highlighted the significance of
printed composites and emphasized the improvement in their mechanical properties. In
the case of impact tests, numerical calculations demonstrated that they are comparable
to experimental observations [22]. In a different investigation, solid fill, lamina thickness,
and specimen orientation were used to assess the impact toughness of onyx specimens.
Onyx has been found to be more brittle when compared to nylon due to the presence of
chopped carbon fibers. Additionally, continuous Kevlar fiber was used to strengthen the test
specimens in an isotropic and concentric pattern. The amount of energy absorbed increased
when a continuous fiber was present [23]. Due to inadequate matrix polymer impregnation,
fiber-rich regions have weaker adhesion, an increase in internal porosity of roughly 2%, and
a higher chance of crack initiation and propagation. Moreover, microstructures also depend
on the nozzle geometry, overlapping between layers and bead deposition [24]. Moreover,
H. Dou et al. [25] investigated the drop weight impact response of 3D-printed CFRPC
honeycomb structures. In comparison to nonreinforced composites, the continuous carbon
fiber significantly increased the honeycomb structure’s impact resistance. The experimental
findings were in good agreement with the finite element model. The internal damage to a
honeycomb structure caused by an impact was also detected using computed tomography
(CT). The CT images revealed that the main structural failure mechanisms were failures at
the matrix–fiber interface and the destruction of adjacent printing channels. However, the
impact resistance and energy absorption qualities of this type of hybrids by the material
extrusion (MEX) 3D printing process have not been reported yet.

In the present research, in order to investigate the impact resistance of 3D-printed
hybrid composites created by material extrusion (MEX), 20 J, 30 J, 40 J, and 50 J of impact
energies were used on specimens by using the drop hammer impact test. Energy absorption
and hybrid effect behaviors were examined by combining the results from the indicated
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hybrids. For this, both hybrid and non-hybrid composites with varying weight content
values of fibers (such as carbon and Kevlar (130D and 200D) fibers) were used. CT scan ex-
aminations were also conducted to examine the breaking characteristics at the microscopic
level.

2. Experimental Methodology
2.1. Materials and Processing

This study utilized polylatic acid (PLA) from eSUN filament Jushi Group Co., Ltd.
(Jiaxing, China), which had a diameter of 1.75 mm, served as the effective matrix. 1k
continuous commercial virgin carbon fiber from Tory Corp., (Tokyo, Japan), Dupont Kevlar
130D and Kevlar 200D continuous fibers that were selected as reinforcement materials.
130D and 200D Kevlar were combined with 1k carbon fibers to produce hybrid fibers. All
the fiber volume fractions are given in Table 1, which were calculated by using the same
method as used elsewhere [18]. As PLA reacts differently in different temperatures [26],
to reduce the humidity before use, PLA was kept in a dry atmosphere. The FiberTech
3D printer (Xi’an, China) was used to create hybrid and non-hybrid composites with
continuous Kevlar and carbon fibers. Continuous Kevlar and carbon fibers entered this
FDM machine through the same inlet during operation, while the matrix entered through
a different inlet. When the matrix traveled through the heater with the aid of the nozzle,
the fibers were impregnated with the melted matrix. The panel was then printed with the
composite. In this study, the specimens were printed onto a non-heated platform with
hatch spacing of 1 mm, layer thickness of 0.3 mm, nozzle diameter of 1.0 mm, printing
speed 200 mm/min, solid infill density, and printing temperature of 210 ◦C.

Table 1. Volume and weight fractions of the fibers and matrix for the impact test.

Specimens Matrix Volume
Fraction (vol. %)

Matrix Weight
Fraction (wt. %)

Fiber Volume Fraction
(vol. %)

Fiber Weight Fraction
(wt. %)

PLA + 1K CF 88 ± 3 83 ± 5 12 ± 3 17 ± 5

PLA + 130D KF 88 ± 3 83 ± 5 12 ± 3 17 ± 5

PLA + 200D KF 88 ± 3 83 ± 5 12 ± 3 17 ± 5

PLA + 1K CF + 130D KF 88 ± 3 83 ± 5 12 ± 3 17 ± 5

2.2. Characterization

The study investigated the impact resistance of printed composites, both hybrid and
non-hybrid, by analyzing factors such as the energy absorption and fracture patterns.
Figure 1a,b elucidate the schematic and real diagram of the drop weight impactor (XJSTLT-
2000 Drop weight Impactor from Shang Tai Instrument Co., LTD, Guangdong, China),
which were used to investigate the above-mentioned performances with 20 J, 30 J, 40 J and
50 J impact energies, a 20 mm impactor diameter, and 6.449 kg impactor weight. 150 ×
100× 2.9 dimensions were used to prepare specimens in accordance with ISO 6603 [27]. The
Y. Cheetah Micron X-ray 3D imaging system (from YXLON International GmbH, Hamburg,
Germany) CT scan machine was used to study the microcracks and fiber breakages. Each
specimen contained 9 layers, with 0◦/90◦ printing orientations. All tests were carried out
at room temperature in order to counteract the influence of the temperature, which has a
considerable impact on the mechanical properties of composites. For one type of test, a
total of five different hybrid and non-hybrid specimen types were prepared. Additionally,
each type had three samples, allowing us to average the outcomes. The damage areas of the
hybrids were compared with PLA + CF composites, because in aerospace and automobiles,
mostly carbon fibers are used.
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Figure 1. (a) XJSTLT-2000 drop weight impactor. (b) Schematic working diagram. (c) Printed
specimens that were tested.

3. Results and Discussion
3.1. Loading Response

Figure 2a–d depict the loading reactions of the composite specimens that were affected
by the impactor. Figure 2a shows the impact loading response of the hybrids and non-
hybrids with 20 J of impact energy.

Figure 2. Impact loading reactions on different energy levels: (a) 20 J, (b) 30 J, (c) 40 J, and (d) 50 J.
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The impact load of PLA + CF + 130D KF was 1.506 kN, which was 1.66 times more than
PLA + CF, while PLA + CF + 200D KF resisted the impact load until 1.807 kN, which was
two times more than PLA + CF. With 30 J of impact, this difference compared to PLA + CF
was 1.45 times and 1.5 times more, respectively, shown in Figure 2b. Furthermore, the
impact loads faced by PLA + CF + 130D KF and PLA + CF + 200D KF were 1.48 times and
1.43 times, respectively, higher than PLA + CF at 40 J of impact energy, which is elucidated
in Figure 2c. When the specimens were subjected to 50 J of impact energy, illustrated in
Figure 2d, again, the impact resistance of the hybrids was 1.36 and 1.43 times higher than
non-hybrid PLA + CF. The higher impact loading of the hybrids with less displacement
shows that the hybrids are stiffer and stronger than the non-hybrids. In other words, the
impact resistance of the hybrids was better than all the non-hybrids. Carbon fibers proved
to be a viable fiber for improving their performance [28]; herein, the non-hybrid PLA + CF
specimens showed high-impact loads compared to the other non-hybrids, which is why
the impact strength of the hybrids was discussed according to the PLA + CF composites.

3.2. Material Damage and Impact Resistance

For all the hybrids and non-hybrids, the impact damage was different, and it became
more visible with the increase in impact energy from 20 J to 50 J. The specimens right for
printing are provided in Figure 1c.

Figure 3a–f shows the damage and impact resistance of the hybrid and non-hybrid
composites with 20 J of impact energy. In Figure 3b, cracks are visible in both the front
and back sides; in the Kevlar-containing specimens, the delamination was obvious, with
damage on the hitting side and back side, showing that the fibers were broken with the
stretch, as shown in Figure 3c,d, while, in the hybrids, no damage could be found, just slight
indentation marks apparent on the hitting side of the specimens. Moreover, the damage
on the back sides the of the PLA + CF + 130D KF hybrids was 83.592% and PLA + CF +
200D KF 90.486% less than the PLA + CF composites. The impact resistive force of these
hybrids was higher than the non-hybrids, with minimum damage, which is evidence that
the hybrids are more impact resistive than non-hybrids, as shown in Figure 3a,e,f. Further
values are listed in Table 2.

Considering the sum of all resistive forces of the hybrid and non-hybrid composites is
100%, PLA + CF + 200D KF showed the highest values. Moreover, both hybrids were able
to occupy 58.4% of the pie chart in Figure 4, which suggests that the impact resistance of the
ductility and brittleness together are superior compared to the impact-resistive property of
the single sort of non-hybrid composites.

Figure 5a–f elucidate the damage and impact resistance of the hybrid and non-hybrid
composites with 30 J of impact energy. In Figure 5b, cracks are aggravated and more visible
in both the front and back sides; in the Kevlar-containing specimens, the delamination was
obvious, with damage on the hitting side and back side showing that the fibers were broken
with the stretch, deboning between the layers, and deeper penetration of the impactor, as
shown in Figure 5c,d, while, in the hybrids, just slight indentation marks were apparent on
the hitting sides of the specimens. Moreover, the damage on the back sides of the PLA + CF
+ 130D KF and PLA + CF + 200D KF hybrids was almost 79.69% and 88.16% less than PLA
+ CF non-hybrids, respectively, which was slightly bigger than the hybrids of 20 J due to the
increase in impact energy. Again, the impact forces of the PLA + CF + 130D KF and PLA +
CF + 200D KF hybrids were higher than the non-hybrids, with minimum damage, which
shows their high strength against impacts, as shown in Figure 5a,e,f. All the concerning
values of the hybrid and non-hybrids against 30 J of impact energy are listed in Table 3.
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Figure 3. Material damage and impact resistance with 20 J. (a) Impact loading reaction. (b) Front and
back sides of PLA + CF. (c) Front and back sides of PLA + 130D KF. (d) Front and back sides of PLA +
200D KF. (e) Front and back sides of PLA + CF + 130D KF. (f) Front and back sides of PLA + CF +
200D KF.

Table 2. Impact behaviors of the hybrid and non-hybrid composites with 20 J of impact energy.

Specimens Puncture
Force (kN) Energy (J) Type of

Deformation
Deformed Area

(mm2)
Deformed Area

% w.r.t PLA + CF

Absorbed
Engery % w.r.t

PLA + CF

PLA + CF 0.904 17.5078 Ductile with
complex tearing 5126.22 mm2 As a reference As a reference

PLA + 130D KF 0.653 17.187 - 6499.89 mm2 26.796% less 1.8% less

PLA + 200D KF 0.803 19 - 5178.75 mm2 1.02% more 8.52% more

PLA + CF + 130D KF 1.506 16.588
initially brittle
with arrested

complex structure
841.1 mm2 83.592% less 5.25% less

PLA + CF + 200D KF 1.807 14.455
initially brittle
with arrested

complex structure
487.695 mm2 90.486% less 17.43% less
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Figure 4. Overall comparison of the resistive forces among the hybrid and non-hybrid composites at
20 J of impact energy.

Figure 5. Material damage and impact resistance with 30 J. (a) Impact loading reaction. (b) Front and
back sides of PLA + CF. (c) Front and back sides of PLA + 130D KF. (d) Front and back sides of PLA +
200D KF. (e) Front and back sides of PLA + CF + 130D KF. (f) Front and back sides of PLA + CF +
200D KF.
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Table 3. Impact behaviors of the hybrid and non-hybrid composites with 30 J of impact energy.

Specimens Puncture
Force (kN) Energy (J) Type of Deformation Deformed Area

(mm2)
Deformed Area

% w.r.t PLA + CF

Absorbed
Engery % w.r.t

PLA + CF

PLA + CF 1.004 22.438 Ductile with complex
tearing 6297.2 mm2 As a reference As a reference

PLA + 130D KF 0.653 15.855 - 5795.86 mm2 7.96% less 29.33% less

PLA + 200D KF 0.753 21.494 - 6370.05 mm2 1.15% more 4.20% less

PLA + CF +
130D KF 1.456 23.712

initially brittle with
arrested complex

structure
1278.87 mm2 79.69% less 5.72% more

PLA + CF +
200D KF 1.506 23.809

initially brittle with
arrested complex

structure
745.02 mm2 88.16% less 6.11% more

Figure 6 depicts the dominance of the hybrid composites compared to the non-hybrids
in a pie chart with 30 J of impact energy. The PLA + CF + 130D KF was 27.1%, and the
PLA + CF + 200D composite was 28.03% of the pie chart. Moreover, the damage areas of
these hybrids were also 79.69% and 88.16% less than the PLA + CF composites, as listed in
Table 3.

Figure 6. Overall comparison of the resistive forces among the hybrid and non-hybrid composites at
30 J of impact energy.

Figure 7a–f elucidate the damage and impact resistance of the hybrid and non-hybrid
composites with 30 J of impact energy. In Figure 7b, the cracks are aggravated and more
visible in both the front and back sides but without evidence of the impactor’s penetration;
in the Kevlar specimens, the delamination was clearer, with damage on the hitting side and
back sides showing that the fibers were broken with the stretch, and the deboning between
layers were more visible because of the deeper penetration of the impactor, as shown in
Figure 7c,d. On the other hand, in the hybrids, damage was visible in the PLA + CF + 130D
KF composites, but still, not very deep indentation marks were apparent on the hitting
side of the PLA + CF + 200D KF specimens. Moreover, the damage on the back sides of
these hybrids was 78.82% and 88.16% less than the PLA + CF non-hybrids, which were
slightly bigger than the hybrids of 30 J. Again, the impact resistance forces of the PLA +
CF + 130D KF and PLA + CF + 200D KF hybrids were higher than the non-hybrids, with
minimum damage, which show their high strength against impacts, as seen in Figure 7a,e,f
and Table 4. All the concerning values of the hybrid and non-hybrids against 40 J of impact
energy are listed in Table 4.
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Figure 7. Material damage and impact resistance with 40 J. (a) Impact loading reaction. (b) Front and
back sides of PLA + CF. (c) Front and back sides of PLA + 130D KF. (d) Front and back sides of PLA +
200D KF. (e) Front and back sides of PLA + CF + 130D KF. (f) Front and back sides of PLA + CF +
200D KF.

Table 4. Impact behaviors of the hybrid and non-hybrid composites again 40 J of impact energy.

Specimens Puncture
Force (kN) Energy (J) Type of Deformation Deformed Area

(mm2)
Deformed Area %
w.r.t PLA + 1k CF

Absorbed
Engery % w.r.t

PLA + CF

PLA + CF 1.255 27.291 Ductile with complex
tearing 7881.88 mm2 As a reference As a reference

PLA + 130D KF 0.904 27.227 - 6010.14 mm2 23.74% less 0.2% less

PLA + 200D KF 1.104 28.409 - 6964.92 mm2 11.63% more 4.09% more

PLA + CF +
130D KF 1.858 28.799

initially brittle with
arrested complex

structure
1669.0 mm2 78.82% less 5.52% more

PLA + CF +
200D KF 1.807 28.8

initially brittle with
arrested complex

structure
1459.22 mm2 81.48% less 5.52% more
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On the other hand, in Figure 8, the percentages of the resistive impacts of the hybrids
were again higher than the non-hybrids, which suggests that the hybrid composites were
stable against variations in the impact energies, with minimum damage areas.

Figure 8. Overall comparison of the resistive forces among the hybrid and non-hybrid composites at
40 J of impact energy.

All the specimens, hybrid and non-hybrids, were damaged with 50 J of impact energy,
as shown in Figure 9b–f. According to Figure 9a,b, the PLA + CF specimens were completely
damaged with 1.255 kN of impact force because of the brittle nature of the carbon fibers.
The damage patterns in PLA + 130D KF and PLA + 200D KF were a little different than
the carbon fiber specimens, because in these specimens, the delamination was aggravated
on the hitting side and deboning was also more visible with the naked eye, but its impact
resistance force was less than the carbon fiber specimens, as depicted in Figure 9a,c,d. On
the other hand, in the PLA + CF + 130D KF and PLA + CF + 200D KF hybrids, the impactor
penetrated, but some unbroken and stretched fibers were still present on the back sides of
the specimens. The damage was clearer, but the propagation of future cracks was hard to
see with the naked eye. The impact force was still higher than the non-hybrids. In other
words, the hybrids were stronger and more impact cracks-resistive than the non-hybrids,
because in hybrids, stiffness and ductility act at the same time to protect the specimen.
Figure 10 and Table 5 illustrate the behaviors of he hybrid and non-hybrid composites
against 50 J of impact energy. On the other hand, in the literature, single sorts of composites
have been used to study the impact resistance of different CF, KF, and GF composites [29].
At room temperature, the failure modes included fiber pull-out and fiber tearing. In the
case of fiberglass, the failure mechanism was matrix cracking, while, for HSHT, it involved
delamination and matrix cracking. In our case, these phenomena were very less, e.g., no
fiber pull-out and very less delamination.
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Figure 9. Material damage and impact resistance with 50 J. (a) Impact loading reaction. (b) Front and
back sides of PLA + CF. (c) Front and back sides of PLA + 130D KF. (d) Front and back sides of PLA +
200D KF. (e) Front and back sides of PLA + CF + 130D KF. (f) Front and back sides of PLA + CF +
200D KF.

Figure 10. Overall comparison of the resistive forces among the hybrid and non-hybrid composites
at 50 J of impact energy.
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Table 5. Impact behaviors of the hybrid and non-hybrid composites again 50 J of impact energy.

Specimens Puncture
Force (kN) Energy (J) Type of Deformation Deformed

Area (mm2)

Deformed
Area % w.r.t
PLA + 1k CF

Absorbed
Engery % w.r.t

PLA + CF

PLA + CF 1.255 34.65 Ductile with complex
tearing 8829.81 mm2 As a reference As a reference

PLA + 130D KF 0.954 27.326 - 6122.11 mm2 30.66% less 21.13% less

PLA + 200D KF 1.104 36.283 - 6470.60 mm2 26.71% more 4.71% more

PLA + CF +
130D KF 1.707 38.272

initially brittle with
arrested complex

structure
2520.61 mm2 71.45% less 10.45% more

PLA + CF +
200D KF 1.807 38.684

initially brittle with
arrested complex

structure
1933.55 mm2 78.10% less 11.64% more

3.3. CT Scanning

To see the level of damage caused by impacts with energies of 20 J, 30 J, 40 J, and
50 J, photographs of the damaged hybrid and non-hybrid specimens were captured. Pho-
tographs of the front and back were taken. Figure 3, Figure 5, Figure 7, and Figure 9
depict comparable damage patterns that reveal the extent of the damage and the presence
of cracks. Furthermore, the specimens were evaluated using a computed tomography
(CT) scan to look more closely at the damaged areas near the impact zone and the blind
side of the impact damage. Additionally, these scans showed the quality assurance of the
specimens, with strong connections of the matrix and fibers. That was why the CT scans
were very smooth from the front and back sides.

As can be seen above in Figure 3, Figure 5, Figure 7, and Figure 9, most of the non-
hybrid specimens had visible cracks and damage after impact. This is why Table 1 contains
the CT scans of only the hybrid fiber composites, and the rest of the CT scans of the
non-hybrids are provided in the Supplementary Materials (SM) for further verifications.

According to the CT scan images presented in Table 6, the PLA + CF + 130D KF
hybrids had more microcracks than PLA + CF + 200D KF. With 20 J of impact energy, PLA
+ CF + 130D KF had cracks around the hitting area, and these cracks were aggravated with
the increase in impact energy. Moreover, these specimens were punctured with 40 J of
impact, and the damage was more severe with 50 J, but there were no further microcracks
seen. On the other hand, PLA + CF + 200D KF did not show any microcracks on the front
side of the hitting area. The cracks were aggravated more with the increase in impact
energy. The aggravation of the cracks in the PLA + CF + 200D KF hybrids was less than
PLA + CF + 130D KF, which could be seen with 40 J of impact, where the PLA + CF +
130D KF hybrids were punctured while PLA + CF + 200D KF still only had minor cracks.
Furthermore, PLA + CF + 200D KF was fully punctured with 50 J, with less damaged
areas, compared to PLA + CF + 130D KF. In result, it would be right to say that the lesser
presence of microcracks is also evidence that these hybrids have the ability to resist impacts.
Additionally, the rhombus shape of the damage that can be seen in the hybrids and non-
hybrids (CT scans are in the Supplementary Materials (SM)) may be because of the 0◦/90◦

printing orientations, so different orientations may have different shapes of damage.
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Table 6. Computed tomography (CT) scans of the hybrid specimens.

PLA + CF + 130D KF PLA + CF + 130D KF

Front Back Front Back

20
J

30
J

40
J
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Table 6. Cont.

PLA + CF + 130D KF PLA + CF + 130D KF

Front Back Front Back

50
J

3.4. Energy Absorption Behavior

By integrating the areas under the load–displacement curves obtained for the hybrids
and non-hybrids in the various test impact energies, the values of energy absorbed were
determined.

Figure 11 and Tables 2–5 depict the energy absorption behavior of the hybrid and
non-hybrid composites. The energy absorption of the hybrids with 20 J was less than the
non-hybrids because of high stiffness and impact resistance; the damage was less with a
high impact force and less displacement, as shown in Figure 3a,e,f and Table 2. In other
words, non-hybrids can absorb the maximum energy with low impact but still cannot
resist deformation as much as hybrids. When the specimens were under 30 J of impact, the
energy absorption of the hybrids was abruptly higher than all the non-hybrids. Moreover,
the energy absorption of the hybrids increased from 5.52% to 11.64% more than PLA + CF
with the increase in applied impact energies, as listed in Tables 3–5. It was also found that
the decrease in impact resistance of the non-hybrids compared to the hybrids was why the
damage in the non-hybrids was many times higher than the hybrids, which can be seen
in Figure 3, Figure 5, Figure 7, and Figure 9 and in the CT scans as well. By expressing
differently, the impactor was stopped by the hybrid specimen’s resistance, yet the specimen
was somehow punctured at the impact location due to the high impact energy (40 J and
50 J), while these trends were different in the non-hybrids.
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Figure 11. Energy absorption of the hybrid and non-hybrid composites.

3.5. Hybrid Effect

One of the best ways to improve composites’ ability to absorb energy and resist
penetration is through hybridization. Here, hybrid effects of the drop hammer impact test
specimens stated above are computed as follows:

Using the rule of mixture (ROM), the hybrid effect of the printed composites was
examined to evaluate the variations in absorbed energy [30,31] using Equation (1) and the
ensuing hybrid effect (he) (2).

EROM =
1
3

(
E(PLA+CF) + E(PLA+130D KF) + E(PLA+200D KF)

)
(1)

In this case, EROM denotes the energy absorption mixture rule for those other than the
hybrid composites. E(PLA+CF), E(PLA+130D KF) and E(PLA+200D KF) are the absorbed energy
values from the non-hybrid composites that are shown in Figure 11 and Tables 2–5.

he =
Eh

EROM
− 1 (2)

where Eh denotes the absorbed energy of the hybrid composites, and he denotes the hybrid
effect. According to Equation (2), the hybrid effect may have either a positive or negative
impact.

If “he > 0”, this indicated a positive hybrid effect.
If he < 0, a negative hybrid effect was seen due to less than zero values.
Figure 12a–d illustrate the hybrids effects with 20 J, 30 J, 40 J, and 50 J impact energies.

The hybrid effects with 20 J were negative because of low energy absorption compared
to the non-hybrids, which did not mean that these hybrids were bad with low energy
levels, because if comparing these results, combined with the crack resistance and fractures
between the hybrid and non-hybrid specimens, then PLA + CF + 130D KF and PLA + CF +
200D KF were two to three times less damaged, as shown in Figure 3, Figure 5, Figure 7, and
Figure 9 and Tables 2–5. Moving forward with higher impact energies, the hybrid effects
were positive. Overall, the presented hybrids had good impact resistance and were less
damaged, with high-energy absorbers with positive hybrid effects, which are all evidence
that hybrid composites are better than non-hybrids in every aspect. Therefore, in the future,
the presented composites could be a good option for structural applications in the fields of
automobiles and aerospace.
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Figure 12. Hybrid effects on different energy levels: (a) 20 J, (b) 30 J, (c) 40 J, and (d) 50 J.

4. Conclusions

In this research, the impact resistance of both hybrid and non-hybrid composites was
investigated under impact energies ranging from 20 J to 50 J. This evaluation was carried
out using the material extrusion (MEX) technique. Most of the comparisons between hybrid
and non-hybrids were done with PLA + CF to PLA + CF + 130D KF and PLA + CF + 200D
KF because PLA + CF has higher stiffness, and its impact resistive force was also high in all
the non-hybrids. Another reason to compare CF composites with hybrids is because of the
extensive use of carbon fibers in aerospace and automobiles to analyze the future of the
presented hybrids. The following insights could be gleaned from this study:

• Specimens containing only KFs were good with absorbed energy because of their high
elongation properties with low stiffness. The damage and cracks were visible in the
non-hybrids from 20 J of impact energy, While the hitting sides of the hybrids had just
a sign of being hit, and their blind sides had 90.486% less damage than PLA + CF.

• Damages were more obvious with the increase in impact energies. At 30 J of impact
energy, the damages in these hybrids were almost 88.16% less than the non-hybrid
PLA + CF, which was slightly more than the hybrids of 20 J. Moreover, the damages of
these hybrids against 40 J of impact energy were 81.48% less, which was more than
the hybrids of 20 J and 30 J. At 50 J of impact, the non-hybrids were almost destroyed
completely, while PLA + CF + 130D KF and PLA + CF + 200D KF were only punctured
because of their high perforation resistance, and still, these damages were 71.45% and
78.10% less than PLA + CF, respectively.

• There were no further microcracks found in the computed tomography (CT) scans of
the hybrids, which means these specimens were crack-resistive. The energy absorp-
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tions were higher, with positive hybrid effects, suggesting its validity for structural
applications.

• The breakage patterns in all the specimens were rhombus-shaped, which could be be-
cause of the 0◦/90◦ printing orientations. In the future, different printing orientations
will be applied to study further breakage patterns.

• In future studies, a system will be implemented to monitor the events of impact
tests, as they occur too quickly to be observed with the naked eye. Furthermore, the
structural applications of these hybrids will be defined specifically in aerospace and
automobiles.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/polym15214209/s1: Figure S1: 20J of impact energy on non-hybrids,
1. hitting point 2. crack propagations 3. Fiber and filament breakage 4. back side damage due to front
side hit. 5. layer breakage 6. Delamination; Figure S2: 30J of impact energy on non-hybrids, 1. hitting
point 2. crack propagations 3. Fiber and filament breakage 4. back side damage due to front side
hit. 5. layer breakage 6. Delamination; Figure S3: 40J of impact energy on non-hybrids, 1. hitting
point 2. crack propagations 3. Fiber and filament breakage 4. back side damage due to front side
hit. 5. layer breakage 6. Delamination; Figure S4: 50J of impact energy on non-hybrids, 1. hitting
point 2. crack propagations 3. Fiber and filament breakage 4. back side damage due to front side hit.
5. layer breakage 6. Delamination.
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11. Sayer, M.; Bektaş, N.B.; Demir, E.; Çallioǧlu, H. The Effect of Temperatures on Hybrid Composite Laminates under Impact
Loading. Compos. Part B Eng. 2012, 43, 2152–2160. [CrossRef]

https://www.mdpi.com/article/10.3390/polym15214209/s1
https://www.mdpi.com/article/10.3390/polym15214209/s1
https://doi.org/10.1016/j.carbpol.2007.05.040
https://doi.org/10.1016/S1359-8368(02)00013-6
https://doi.org/10.1016/S0266-3538(02)00225-7
https://doi.org/10.1016/j.carbpol.2011.04.043
https://doi.org/10.1023/A:1021130019435
https://doi.org/10.1016/S0266-3538(01)00219-6
https://doi.org/10.1016/j.compscitech.2023.110125
https://doi.org/10.1002/pc.25978
https://doi.org/10.1016/j.compositesb.2019.107101
https://doi.org/10.1016/j.compositesb.2011.06.001
https://doi.org/10.1016/j.compositesb.2012.02.037


Polymers 2023, 15, 4209 18 of 18

12. Idicula, M.; Malhotra, S.K.; Joseph, K.; Thomas, S. Dynamic Mechanical Analysis of Randomly Oriented Intimately Mixed Short
Banana/Sisal Hybrid Fibre Reinforced Polyester Composites. Compos. Sci. Technol. 2005, 65, 1077–1087. [CrossRef]

13. Shi, Y.; Swait, T.; Soutis, C. Modelling Damage Evolution in Composite Laminates Subjected to Low Velocity Impact. Compos.
Struct. 2012, 94, 2902–2913. [CrossRef]

14. Olsson, R. Modelling of Impact Damage Zones in Composite Laminates for Strength after Impact. Aeronaut. J. 2012, 116, 1349–1365.
[CrossRef]

15. Zhang, D.; Sun, Y.; Chen, L.; Pan, N. A Comparative Study on Low-Velocity Impact Response of Fabric Composite Laminates.
Mater. Des. 2013, 50, 750–756. [CrossRef]

16. Langkamp, A. Theoretical and experimental investigation of anisotropic damage in textile-reinforced composite structures. Mech.
Compos. Mater. 2004, 40, 519–532.

17. Nirbhay, M.; Misra, R.K.; Dixit, A. Finite-Element Analysis of Jute- and Coir-Fiber-Reinforced Hybrid Composite Multipanel
Plates. Mech. Compos. Mater. 2015, 51, 505–520. [CrossRef]

18. Akmal, A.; Tian, X.; Liu, T.; Zhou, J.; Azeem, M.; Yun, J.; Li, W.; Zhang, M.; Li, D.; Malakhov, A. V Mechanical and Energy
Absorption Behaviors of 3D Printed Continuous Carbon/Kevlar Hybrid Thread Reinforced PLA Composites. Compos. Struct.
2023, 303, 116386. [CrossRef]

19. Swolfs, Y.; Gorbatikh, L.; Verpoest, I. Fibre Hybridisation in Polymer Composites: A Review. Compos. Part A Appl. Sci. Manuf.
2014, 67, 181–200. [CrossRef]

20. Kabir, S.M.F.; Mathur, K.; Seyam, A.F.M. A Critical Review on 3D Printed Continuous Fiber-Reinforced Composites: History,
Mechanism, Materials and Properties. Compos. Struct. 2020, 232, 111476. [CrossRef]

21. Caminero, M.A.; Chacón, J.M.; García-Moreno, I.; Rodríguez, G.P. Impact Damage Resistance of 3D Printed Continuous Fibre
Reinforced Thermoplastic Composites Using Fused Deposition Modelling. Compos. Part B Eng. 2018, 148, 93–103. [CrossRef]

22. Chen, D.; Luo, Q.; Meng, M.; Sun, G. Low Velocity Impact Behavior of Interlayer Hybrid Composite Laminates with Car-
bon/Glass/Basalt Fibres. Compos. Part B Eng. 2019, 176, 107191. [CrossRef]

23. Scrocco, M. Impact Testing of 3D Printed Kevlar-Reinforced Onyx Material. In Proceedings of the 2018 International Solid
Freeform Fabrication Symposium, Austin, TX, USA, 13–15 August 2018.

24. Chabaud, G.; Castro, M.; Denoual, C.; Le Duigou, A. Hygromechanical Properties of 3D Printed Continuous Carbon and Glass
Fibre Reinforced Polyamide Composite for Outdoor Structural Applications. Addit. Manuf. 2019, 26, 94–105. [CrossRef]

25. Dou, H.; Ye, W.; Zhang, D.; Cheng, Y.; Huang, K.; Yang, F.; Rudykh, S. Research on Drop-Weight Impact of Continuous Carbon
Fiber Reinforced 3D Printed Honeycomb Structure. Mater. Today Commun. 2021, 29, 102869. [CrossRef]

26. Rahmatabadi, D.; Ghasemi, I.; Baniassadi, M.; Abrinia, K.; Baghani, M. 4D Printing of PLA-TPU Blends: Effect of PLA Con-
centration, Loading Mode, and Programming Temperature on the Shape Memory Effect. J. Mater. Sci. 2023, 58, 7227–7243.
[CrossRef]

27. ISO 6603; Plastics-Determination of Puncture Impact Behavior of Rigid Ilastics. ISO: Geneva, Switzerland, 2023.
28. Cao, M.; Cui, T.; Yue, Y.; Li, C.; Guo, X.; Jia, X.; Wang, B. Preparation and Characterization for the Thermal Stability and Mechanical

Property of PLA and PLA/CF Samples Built by FFF Approach. Materials 2023, 16, 5023. [CrossRef]
29. Guillermo, J.; Pertuz-Comas, A.D. Impact Strength for 3D-Printed PA6 Polymer Composites under Temperature Changes. J.

Manuf. Mater. Process. 2023, 7, 178.
30. Wang, K.; Li, S.; Wu, Y.; Rao, Y.; Peng, Y. Simultaneous Reinforcement of Both Rigidity and Energy Absorption of Polyamide-Based

Composites with Hybrid Continuous Fibers by 3D Printing. Compos. Struct. 2021, 267, 113854. [CrossRef]
31. Morelli, A.C.; Croce, J.A.G.; Caminaga, C.; Letícia, R. Timarco Development of Hybrids Composites of Carbon and Aramid Fibers

to Reinforce Matrix of Epoxy Resins Part I. J. Mater. Sci. Eng. B 2018, 8, 86–89. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.compscitech.2004.10.023
https://doi.org/10.1016/j.compstruct.2012.03.039
https://doi.org/10.1017/S0001924000007673
https://doi.org/10.1016/j.matdes.2013.03.044
https://doi.org/10.1007/s11029-015-9521-8
https://doi.org/10.1016/j.compstruct.2022.116386
https://doi.org/10.1016/j.compositesa.2014.08.027
https://doi.org/10.1016/j.compstruct.2019.111476
https://doi.org/10.1016/j.compositesb.2018.04.054
https://doi.org/10.1016/j.compositesb.2019.107191
https://doi.org/10.1016/j.addma.2019.01.005
https://doi.org/10.1016/j.mtcomm.2021.102869
https://doi.org/10.1007/s10853-023-08460-0
https://doi.org/10.3390/ma16145023
https://doi.org/10.1016/j.compstruct.2021.113854
https://doi.org/10.17265/2161-6221/2018.3-4.006

	Introduction 
	Experimental Methodology 
	Materials and Processing 
	Characterization 

	Results and Discussion 
	Loading Response 
	Material Damage and Impact Resistance 
	CT Scanning 
	Energy Absorption Behavior 
	Hybrid Effect 

	Conclusions 
	References

